Campylobacter jejuni hosts two hemoglobins (Hbs). The Camplylobacter jejuni single-domain Hb (called Cgb) is homologous to the globin domain of flavohemoglobin, and it has been proposed to protect the bacterium against nitrosative stress. The second Hb is called Ctb (hereafter Cj-trHbP), belongs to truncated Hb group III, and has been hypothesized to be involved in O 2 chemistry. Here, the kinetics and thermodynamics of cyanide binding to ferric and ferrous Cj-trHbP [Cj-trHbP(III) and Cj-trHbP(II), respectively] are reported and analyzed in parallel with those of related heme proteins, with particular reference to those from Mycobacterium tuberculosis. The affinity of cyanide for Cj-trHbP(II) is higher than that reported for any known (in)vertebrate globin by more than three orders of magnitude (K ¼ 1.2 · 10 )6 m). This can be fully attributed to the highest (ever observed for a ferrous Hb) cyanide-binding association rate constant (k on ¼ 3.3 · 10 3 m )1 AEs )1 ), even though the binding process displays a rate-limiting step (k max ¼ 9.1 s , respectively) are similar to those reported for (in)vertebrate globins. The very high affinity of cyanide for Cj-trHbP(II), reminiscent of that of horseradish peroxidase(II), suggests that this globin may participate in cyanide detoxification.
comprises single-domain globins homologous to the globin domain of flavoHbs. In contrast to flavoHbs, they are devoid of the reductase domain. The third Hb type comprises truncated hemoglobins (trHbs), which display a smaller globin domain and the typical 2-on-2 a-helical sandwich fold. On the basis of phylogenetic analyses, trHbs have been divided into three groups (N or I, O or II, and P or III) [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Campylobacter jejuni is the most common bacterial zoonosis and the main cause of bacterial gastroenteritis in the Western world. C. jejuni is a common colonizer of the intestinal tract of wild and domestic animals, primarily birds and cattle, where it can persist at high cell density and from which it can be transmitted to humans through the orofecal route [10] [11] [12] . C. jejuni contains two Hbs, i.e. Cgb and Ctb (the latter named Cj-trHbP hereafter). Cgb, belonging to the second Hb type, has been proposed to protect C. jejuni against nitrosative stress, probably via an NO dioxygenase reaction [13, 14] . Cj-trHbP belongs to trHb group III, and displays an extremely high O 2 affinity, making it unlikely to be an O 2 carrier. On the basis of the polarity of the heme distal cavity, reminiscent of that found in cytochrome c peroxidase, Cj-trHbP has been proposed to be involved in (pseudo)enzymatic O 2 chemistry [15] [16] [17] .
The structure of Cj-trHbP has been solved by X-ray crystallography [16] , and the surroundings of the heme distal pocket have been characterized by resonance Raman spectroscopy [17] . Cj-trHbP shows the typical 2-on-2 a-helical sandwich fold, despite the partial absence of the Gly-based sequence motifs that were considered necessary for the attainment of the trHb fold. Unique structural features characterize the C-E region and the FG helical hinge, indicating that the heme group is more deeply buried in the protein moiety than in other Hbs. In ferric Cj-trHbP [CjtrHbP(III)], the heme-bound cyanide is stabilized by direct hydrogen bonding to TyrB10 and TrpG8. The HisE7 residue, which is about 4.5 Å from the ligand, has been observed in two conformations that have been defined as open and closed. Although the gating role of HisE7 in the modulation of ligand access into and out of the heme pocket is openly debated [16, 17] , this mechanism is in keeping with the absence of a protein matrix tunnel ⁄ cavity system in Cj-trHbP, in contrast to what has been observed for group I trHbs [16, 18] . The very high affinity of O 2 for Cj-trHbP(II) has been attributed to the proposed network of hydrogen bonds that would stabilize the heme-bound O 2 through residues TyrB10 and TrpG8, resulting in a very low ligand dissociation rate [17] .
Being a normal inhabitant of the intestinal tract of bovines and birds [10] [11] [12] , C. jejuni is likely to require cyanide detoxification system(s) when transiently exposed to breakdown products of cyanogenic glucosides ingested with the animal diet [19] . Here, the kinetics and thermodynamics of cyanide (the term cyanide refers to all forms of KCN ⁄ HCN present in the buffered aqueous solution [20] ) binding to ferric and ferrous Cj-trHbP [Cj-trHbP(III) and Cj-trHbP(II), respectively] are reported and analyzed in parallel with those of related heme proteins, with particular reference to trHbs from Mycobacterium tuberculosis (i.e. Mt-trHbN and Mt-trHbO).
Results
Cyanide binding to Mt-trHbN(III), Mt-trHbO(III), and Cj-trHbP(III)
Over the whole cyanide concentration range explored (from 1.0 · 10 )6 m to 1.0 · 10 )3 m), the time course for cyanide binding to Mt-trHbN(III), Mt-trHbO(III) and Cj-trHbP(III) corresponds to a single exponential for more than 90% of its course between 350 nm and 460 nm (Figs 1A and 2A-C; see Eqns 1,3a,3b) [21] . Values of l obs for cyanide binding to Mt-trHbN(III) and Mt-trHbO(III) are wavelength-independent but ligand concentration-dependent ( Fig. 2A,B,D , respectively) [16, 18] (Table 1) . [18, 20, 21, 25, [27] [28] [29] [30] [31] [32] .
In contrast, Glycera dibranchiata HbC displays an l on value of 4.9 · 10 )1 m )1 AEs )1 [20] , whereas Cj-trHbP(III),
as well as horseradish peroxidase and cytochrome c peroxidase [24, 26] show l on ‡ 2 · 10 4 m )1 AEs )1 (Table 1) .
However, it must be remarked that the kinetics of cyanide binding to Cj-trHbP(III) appear to be limited by Cyanide binding to Camplylobacter jejuni trHbP
, independent of the ligand concentration] (Fig. 2) , a feature never observed within heme(III) proteins.
The reaction of cyanide with heme(II) proteins has received little attention, due to the low stability of the heme-Fe(II)-ligand complexes (K ‡ 5. [18, 27, 30, 33, 35, 36, [38] [39] [40] ; in this context, Cj-trHbP(II) shows the highest and the lowest values for k on and k off , respectively ( Table 1) . As reported for Cj-trHbP(III) (Fig. 2) , the kinetics of cyanide binding to Cj-trHbP(II) (Fig. 4) are limited by conformational transition(s), the apparent rate constant tending to be independent of the ligand concentration at cyanide concentrations
) (Fig. 4) . Values of K for cyanide binding to Scapharca inaequivalvis HbI(II) and horse heart myoglobin (Mb)(II) measured in equilibrium experiments are about 10-fold lower than those obtained from the ratio of the association and dissociation rate constants (Table 1) , possibly reflecting the formation of metastable intermediate(s) [30, 36, 41, 42] . In contrast, the excellent 
Mt-trHbN 3.8 · 10 Horse heart Mb 1.7 · 10 [38] . m pH $ 10.6; the temperature is unknown [33] . n pH 7.05, 25.0°C [24] . o pH 9.1, 20.0°C [35] . according to Eqn (9) (solid line) [22] and Eqn (10) (dashed line) [22] yielded K pre ¼ (2.8 ± 0.3) · 10
k max ¼ 9.1 ± 0.8 s )1 , and
. The protein concentration ranged between 2.9 · 10 )6 M and 3.6 · 10 )6 M. All data were obtained at pH 7.0 and 20.0°C. For details, see text.
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whale Mb(II)] span over nine orders of magnitude [1, 21, 46, 47] . Therefore, Cj-trHbP(II) and horseradish peroxidase discriminate among different ligands much less than do ferrous 2-on-2 and 3-on-3 globins [e.g. Mt-trHb(II) and sperm whale Mb(II)]. Such observations might be in keeping with the postulated involvement of Cj-trHbP in O 2 chemistry, like peroxidase, rather than in O 2 transport, which may require specific adaptations to different environmental conditions [17] . The affinity of cyanide for heme(III) proteins appears to depend on the presence of heme distal site proton acceptor and donor group(s) that may assist the deprotonation of the incoming ligand, or the protonation of the outgoing cyanide anion [18] . This interpretation is in agreement with the very slow kinetics of cyanide binding to Glycera dibranchiata monomeric HbC(III), whose heme distal site lacks residue(s) capable of catalyzing proton exchange, and with the effects shown by changes in the polarity of the heme distal pocket of mutated human, pig and sperm whale Mbs [1, 20, 21, 48] .
Concerning Cj-trHbP(III), the crystal structure shows that the stabilization of the heme-bound cyanide is achieved through direct hydrogen bonds of the ligand to residue TyrB10 (phenolic OH group) and to the indole nitrogen atom of TrpG8 (Fig. 6) . Such interactions, together with the presence of a water molecule, trapped in the heme distal site and hydrogen-bonded to TyrB10 (Fig. 6) , may assist the proton exchange processes required for efficient heme-ligand association ⁄ dissociation. In a dynamic protein context, the contribution of HisE7, shown to adopt different conformations in Cj-trHbP(III) crystals, might also be considered either in direct ligand interactions or in affecting the conformation of neighboring polar residues [16, 17] .
The crystal structure of the cyanide derivative of Mt-trHbN(III) shows that only one direct hydrogen bond (to TyrB10) stabilizes the heme-bound cyanide; a second hydrogen-bonding contribution may be provided by the nearby GlnE11 residue (Fig. 6 ), substituting for a generally apolar residue (Val, Ile, and Leu) at this site in vertebrate Hbs. The access to the heme distal site of Mt-trHb through the E7-gate appears to be precluded by the location of the E-helix and by residue LeuE7 [49] . However, heme ligands may diffuse though (apolar) protein matrix tunnels, which have been mapped in the crystal structures of Mt-trHbN xenon derivatives [50] . Stabilization of the heme-bound cyanide in group II Mt-trHbO(III) takes place through two hydrogen bonds, provided by the side chain of TyrCD1 and by the indole nitrogen atom of TrpG8 (in a dynamic context, TyrB10 may also be part of such a ligand hydrogen-bonded network) (Fig. 6) . Access to the heme distal site through the E7-gate is possible in Mt-trHbO, given the small size of residue AlaE7 [51] .
The comparison of the crystal structures of the cyanide derivatives of Mt-trHbN(III), Mt-trHbO(III) and Cj-trHbP(III) suggests that diverse ligand diffusion paths and binding mechanisms are active in the three trHb groups. Although in all three groups the heme ligand eventually becomes part of a hydrogen-bonded network involving heme distal residues, the nature and the involvement of residues at sites CD1, E7, E11 and G8 varies in a group-specific fashion, giving rise to different stabilization patterns for the heme-bound cyanide (Fig. 6) [16, 49, 51] .
It appears worth noticing that Cj-trHbP displays the highest affinity as well as the fastest combination and the slowest dissociation rate for cyanide binding of the known members of the Hb superfamily. Furthermore, as the kinetics of cyanide binding to Cj-trHbP appear to be limited by conformational transition(s) with firstorder rate constants dependent on the oxidation state of the heme iron atom, Cj-trHbP may represent a reference system for investigating the interplay between the redox state of the heme iron atom and conformational transition(s) modulating trHb reactivity. Finally, the very high affinity of cyanide for Cj-trHbP suggests that this globin may participate in cyanide detoxification, facilitating the survival of C. jejuni. Indeed, the intestinal localization of C. jejuni in herbivores suggests that this organism could be exposed to cyanide generated from the enzymatic breakage of cyanogenic glycosides of ingested plants [19] . Interestingly, inspection of the C. jejuni NCTC11168 genome (http://campy.bham.ac.uk/) reveals that this bacterium lacks proteins that have been annotated as canonical double-domain rhodaneses, although it contains two putative proteins with a rhodanese (RHOD) module (NCBI accession numbers CAL34666 and CAL34648). Moreover, C. jejuni expresses a cyanide-resistant lowaffinity terminal oxidase (not of the cytochrome bd type) encoded by cydAB genes [52] , which could facilitate survival in cyanide-containing environments.
Experimental procedures

Materials
Cloning, expression and purification of Cj-trHbP were performed as previously reported [16] . Mt-TrHbN and Mt-trHbO were cloned, expressed and purified as previously reported [53, 54] . Mt-trHbN(III), Mt-trHbO(III) and Cj-trHbP(III) were prepared by adding a few grains of ferricyanide to the trHb solution [21] . Mt-trHbN(II), MttrHbO(II) and Cj-trHbP(II) were prepared by adding a few grains of dithionite to the trHb solution, under anaerobic conditions [21] . All chemicals (from Merck AG, Darmstadt, Germany) were of analytical grade and were used without further purification.
Kinetics of cyanide binding to Mt-trHbN(III) and
Mt-trHbO(III)
The kinetics of cyanide binding to Mt-trHbN(III) and MttrHbO(III) were measured by mixing a protein-buffered solution (2.0 · 10 )6 m and 5.0 · 10 )6 m, respectively) (Table 2) , using the SFM-20 rapid-mixing stopped-flow apparatus (Bio-Logic SAS, Claix, France). No gaseous phase was present [18] .
Values of the first-order rate constant for cyanide binding to Mt-trHbN(III) and Mt-trHbO(III) (l obs ) were calculated according to Eqn (1) [18, 21] :
The dependence of l obs on cyanide concentration for ligand binding to Mt-trHbN(III) and Mt-trHbO(III) was analyzed according to the minimum reaction mechanism shown in Scheme 1 [18] :
Mt-trHb(III)Àcyanide ðScheme 1Þ
where l on is the second-order rate constant for cyanide binding to Mt-trHbN(III) and Mt-trHbO(III) (i.e. for the formation of Mt-trHbN(III)-cyanide and Mt-trHbO(III)-cyanide), and l off is the first-order rate constant for cyanide dissociation from Mt-trHbN(III)-cyanide and Mt-trHbO(III)-cyanide.
Values of l on were obtained according to Eqn (2) [18, 21] :
Kinetics of cyanide binding to Cj-trHbP(III)
The kinetics of cyanide binding to Cj-trHbP(III) were measured by mixing a protein-buffered solution (2.0 · 10 )7 m) with a cyanide-buffered solution (from 1.0 · 10 )6 m to 1.0 · 10 )3 m). The reaction was followed spectrophotometrically between 350 nm and 460 nm (see Table 2 ). Absorbance spectra were recorded every 3 min. No gaseous phase was present [18] .
Values of the first-order rate constant for cyanide binding to Cj-trHbP(III) (l obs ) were calculated according to Eqn (3 The dependence of l obs on cyanide concentration for ligand binding to Cj-trHbP(III) was analyzed according to the minimum reaction mechanism shown in Scheme 2 [22] : Step 1 of Scheme 2 (characterized by l +1 and l -1 ) is not a simple process but represents a multistep reaction reflecting the dynamic pathway of the ligand from the bulk solvent to the heme pocket, where it reacts with the heme Fe(III) atom (i.e. step 2 of (Scheme 2), characterized by l +2 and l -2 ).
Values of l on , l max and L pre were estimated according to Eqn (4) [22] :
Thermodynamics of cyanide binding to Mt-trHbN(III), Mt-trHbO(III), and Cj-trHbP(III)
The thermodynamics of cyanide binding to Mt-trHbN(III), Mt-trHbO(III) and Cj-trHbP(III) were determined by adding a cyanide-buffered solution (from 4.1 · 10 )8 m to
m, and [Cj-trHbP(III)] ¼ 2.0 · 10 )7 m). The reaction was followed spectrophotometrically between 350 nm and 460 nm (see Table 2 ). Absorbance spectra were recorded after achieving the equilibrium (the equilibration time ranged between 1 h and 48 h). No gaseous phase was present. The dependence of the molar fraction of cyanide-bound trHb(III) (i.e. a) on cyanide concentration was analyzed according to the minimum reaction mechanism shown in Scheme 3 [21] :
Values of the dissociation equilibrium constant for cyanide binding to Mt-trHbN(III), Mt-trHbO(III) and Cj-trHbP(III) (L ¼ l off ⁄ l on ) were calculated according to Eqn (5) [23] : 
Kinetics of cyanide binding to Mt-trHbN(II) and Mt-trHbO(II)
The kinetics of cyanide binding to Mt-trHbN(II) and MttrHbO(II) were measured by mixing a protein-buffered solution (2.9 · 10 )6 m and 3.6 · 10 )6 m, respectively) with a cyanide-buffered solution (from 2.0 · 10 )1 m to 1.6 m).
The reaction was monitored between 350 nm and 460 nm (see Table 2 ) using the SFM-20 rapid-mixing stopped-flow apparatus (Bio-Logic SAS, Claix, France The dependence of k obs on cyanide concentration for ligand binding to Mt-trHbN(II) and Mt-trHbO(II) was analyzed according to the minimum reaction mechanism shown in Scheme 4 [21] : Values of k on and k off were obtained according to Eqn (7) [21] :
Kinetics of cyanide binding to Cj-trHbP(II)
The kinetics of cyanide binding to Cj-trHbP(II) were measured by mixing a protein-buffered solution (3.5 · 10 )6 m) with a cyanide-buffered solution (from 3.1 · 10 )5 m to 2.0 · 10 )3 m). The reaction was monitored between 390 nm and 500 nm (see Table 2 ) using the rapid-mixing SX.18MV stopped-flow apparatus equipped with the PDA.1 photodiode array accessory (Applied Photophysics, Salisbury, UK The dependence of k obs on cyanide concentration for ligand binding to Cj-trHbP(II) was analyzed according to the minimum reaction mechanism shown in Scheme 5 [22] : Step 1 of Scheme 5 (characterized by k +1 and k )1 ) is not a simple process but represents a multistep reaction reflecting the dynamic pathway of the ligand from the bulk solvent to the heme pocket, where it reacts with the heme Fe(II) atom (i.e. step 2 of Scheme 5, characterized by k +2 and k -2 ).
Values of k on , k max and K pre were obtained according to Eqn (9) [22] :
Under conditions where the cyanide concentration £ 10 · K pre , Eqn (9) approximates to Eqn (10) [22] : )6 m). The reaction was followed spectrophotometrically between 350 nm and 460 nm (see Table 2 ). Absorbance spectra were recorded after achieving the equilibrium (the equilibration time ranged between 10 min and 12 h). No gaseous phase was present. The dependence of the molar fraction of cyanide-bound trHb(II) (i.e. a) on cyanide concentration was analyzed according to the minimum reaction mechanism shown in Scheme 6 [21] : 
Data analysis
Data analysis was performed with the program matlab 7.0 (MathWorks Inc., South Natick, MA, USA). All data (obtained at pH 7.0, 1.0 · 10 )1 m phosphate buffer, and 20.0°C) were determined at least in quadruplicate.
